OBJECTIVES: The aim of this study was to compare the ability of fasting plasma glucose (FPG), post-load plasma glucose values and glycated hemoglobin (HbA1c) to predict progression to diabetes in non-diabetic first-degree relatives (FDR) of patients with type 2 diabetes. METHODS: A total of 701 non-diabetic FDR of diabetic patients aged 20-70 years surveyed in 2003 to 2005 were followed until 2008 for the onset of type 2 diabetes mellitus. At baseline and at followups, participants underwent a standard 75 g 2-hour oral glucose tolerance test (OGTT). Prediction of progression to type 2 diabetes was assessed by using area under the receiver-operating characteristic (ROC) curves based upon measurement of FPG, post-load glucose values and HbA1c. RESULTS: The incidence of type 2 diabetes was 33.9 per 1000 person-years in men and 48.6 in women. The incidence rates were 4.6, 50.7, and 99.7 per 1000 person-years in FDR with normal glucose tolerance, impaired fasting glucose and impaired glucose tolerance respectively. FPG value was a better predictor of progression to diabetes than any postload glucose values or HbA1c. The areas under the ROC curves were 0.811 for fasting, 0.752 for 1/2-hour, 0.782 for 1-hour and 0.756 for 2-hour glucose vs. 0.634 for HbA1c (p < 0.001). CONCLUSIONS: FPG had more discriminatory power to distinguish between individuals at risk for diabetes and those who were not at risk than post-load glucose values during OGTT or HbA1c. Our findings support the American Diabetes Association recommendation of using FPG concentration to diagnose diabetes.
Introduction
iabetes prevention has become a major public health priority in both developed and developing nations. There is great interest in identifying individuals at high risk of developing diabetes. Subjects with glucose intolerance are at increased risk for future type 2 diabetes. Glucose intolerance is based on either a 2-hour 75 g oral glucose tolerance test (OGTT) for impaired glucose tolerance (IGT), or fasting plasma glucose (FPG) levels indicative of impaired fasting glucose (IFG) [1] . Many studies have shown that both states of glucose intolerance are good predictors of diabetes [2] [3] [4] [5] [6] [7] [8] . However, there is also considerable inconsistency between the subjects classified by these criteria [2] [3] [4] [5] [6] [7] [8] [9] [10] . Limited overlap between the IFG and IGT groups suggests the possibility that these are distinct conditions with different etiologies [2, 11] . A recent study has concluded that 1-hour plasma glucose concentration is superior to FPG in predicting type 2 diabetes [12] , and the use of FPG as a focus of screening for metabolic risk modification has become questionable.
Glycated hemoglobin (HbA1c) is useful for monitoring glycemic control in diabetic patients [13] . However, the significance of HbA1c in identifying persons at future risk of diabetes remains unknown [14, 15] . The question then arises whether FPG is a better predictor of diabetes risk than post-load glucose values or HbA1c. Measuring FPG is less expensive, more convenient and more reproducible than performing an OGTT [16] . For these reasons, the guidelines published by the American Diabetes Association (ADA) recommend FPG as the preferred test for diagnosing diabetes [13] . In contrast, OGTT has been the preferred test for diagnosing diabetes in epidemiological studies for over 40 years, despite the general recognition that this test is expensive and inconvenient. This lack of agreement emphasizes that the question of optimally predicting diabetes risk is still unanswered to some degree and needs further clarification. Our study contributes to this question by comparing the ability of FPG, post-load glucose values and HbA1c to predict the incidence of type 2 diabetes in non-diabetic first-degree relatives (FDR) of patients with type 2 diabetes.
It is important to note in this regard that the relative contributions of insulin resistance and impaired beta-cell function may vary among various ethnic groups [16] . No comprehensive data are available at present for developing countries. This study makes an important contribution at the ethnological level, therefore, by characterizing the occurrence of diabetes in a specific population from central Iran.
Patients and methods

Participants and data collection
The Isfahan Diabetes Prevention Study (IDPS) is an ongoing cohort study performed in central Iran to assess the efficacy of intensive diet and exercise to prevent or delay the onset of diabetes in FDR of patients with type 2 diabetes. The study was performed between 2003 and 2005. 2368 FDR (614 men and 1754 women) drawn from a consecutive sample of patients with type 2 diabetes attending our clinics at Isfahan Endocrine and Metabolism Research Center were included in the study. The participants completed laboratory tests including standard 75 g 2-hour OGTT and a questionnaire on their health status and on various potential risk factors for diabetes. The participants received follow-up tests according to a medical care standard in diabetes [13] to update information on demographic, anthropometric, and lifestyle factors and on newly diagnosed diabetes. Accordingly, if OGTT was normal at baseline, repeat testing was carried out at least at 3-year intervals. Otherwise, repeat testing was conducted annually. The IDPS baseline methods have been described in detail previously [8] . The participants included siblings and children of diabetic patients. The tenets of the Declaration of Helsinki were followed, institutional ethical committee approval was granted and an informed consent form was signed by each participant.
Diagnosis of diabetes
Cases of diabetes were identified from baseline and follow-up OGTT according to ADA criteria [1, 17] . Pregnant women were excluded. This study used data obtained from 701 FDR (150 men and 551 women), who were free of diabetes at registration and had at least one subsequent review in the mean follow-up period of 2.3 (range 1-4) years.
The procedures used to diagnose diabetes were as follows: data on age, gender, body size, HbA1c, cholesterol, low-density lipoprotein (LDL) cholesterol, high density lipoprotein (HDL) cholesterol, triglyceride, blood pressure (BP), family and personal medical history were collected at baseline and through follow-up. The same methodology was used for both the prevalence and incidence studies. Participants reported to clinics in the morning after an overnight fast. Subjects were asked to abstain from vigorous exercise in the evening before and in the morning of the investigations. Smokers were encouraged to abstain from smoking in the morning of the investigations. On arrival at the clinic, the information given by the participants in the questionnaire on family history was verified. Then, height, weight, waist, and hip circumference were measured using standard apparatus with the subjects in light clothes and without shoes. Weight was measured to the nearest 0.1 kg. Height, waist, and hip circumference were measured to the nearest 0.5 cm. Waist was measured midway between the lower rib margin and iliac-crest at the end of a gentle expiration. Hip circumference was measured over the greater trochanters directly over the underwear. Resting BP was measured after subjects had been seated for 10 minutes, using standard techniques. FPG was measured using the glucose oxidase method. All subjects underwent a standard OGTT (75 g glucose 2-hour) at baseline and follow-up assessments. Venous blood was sampled at fasting and at 30, 60, and 120 min after oral glucose administration. Plasma samples were analyzed the same day.
HbA1c (measured by ion-exchange chromatography), total cholesterol, triglyceride, HDL, and LDL (calculated by the Friedewald Equation [18] ) were also assessed. All blood sample procedures were performed in the central laboratory of the Isfahan Endocrine and Metabolism Research Center using an enzyme-linked method.
Definitions
We calculated body mass index (BMI) as the ratio of weight (kg) to height squared (m 2 ), the latter being assessed at baseline only. Normal BMI was defined as BMI < 25, overweight as BMI of 25-29.99 , and obesity as BMI ≥ 30. Abdominal obesity was defined by waist circumference (≥102 cm in men and ≥88 cm in women) or by the waistto-hip ratio (WHR) (≥0.95 in men and ≥0.80 in women).
Diabetes was defined by:
IGT was defined as FPG < 126 mg/dl, but with a 2-hour plasma glucose concentration ≥140 and <200 mg/dl. If FPG was in the range from 100 to 126 mg/dl and 2-hours plasma glucose was <140 mg/dl, it was considered to be IFG. However, a FPG below 100 mg/dl and a 2-hours plasma glucose below 140 mg/dl was considered a sign of normal glucose tolerance (NGT) [1, 17] .
An established definition of the metabolic syndrome (MetS) was used [19] . According to this definition, MetS was diagnosed if at least three of the following criteria were met: i) BP ≥ 130/85 mmHg or a history of hypertension and current antihypertensive treatment, ii) waist girth > 102 cm for men and >88 cm for women, iii) serum triglyceride ≥150 mg/dl (≥1.7 mmol/l) and/or HDL cholesterol <40 mg/dl (<0.9 mmol/l) for men and <50 mg/dl (<1.0 mmol/l) for women, iv) FPG levels ≥110 mg/dl (6.1 mmol/l).
Determination of diabetes incidence
Incidence of diabetes was expressed as the number of type 2 diabetes cases per 1000 personyears of follow-up. The relevant period was considered to start on the date when the baseline examination was performed sometime between 2003 and 2005 until either i) the onset of diabetes, ii) the date of the last completed follow-up, iii) death, or iv) end of follow-up on December 31, 2007, whichever came first.
Statistical analysis
Statistical methods used included the Student's t-test, chi squared test and Cox's proportional hazards model. Univariate and multivariate Cox's proportional hazards models were fitted to identify predictors of new-onset diabetes using SPSS for Windows (SPSS Inc., Chicago, IL, USA). The variables age, BMI, waist circumference (WC), triglyceride, LDL, HDL, total cholesterol and BP were included in the multivariate-adjusted analyses as continuous variables, while gender, IGT, IFG and MetS were categorical.
Adjustment for age was examined in separate models. Age-adjusted means were calculated and compared using general linear models. The ability of FPG, 1/2-hour, 1-hour and 2-hour glucose values and HbA1c to predict the incidence of diabetes was examined by receiver operating characteristic (ROC) curve and their respective areas under the curve (AUC), in which sensitivity was plotted as a function of 1-specificity. Areas under the ROC curves were compared by the algorithm developed by DeLong et al. [20] . All tests for statistical significance were two-tailed, and performed assuming a type I error probability of <0.05.
Results
The baseline characteristics of the 331 (47.2%) participants with NGT, 315 (44.9%) with IGT, and 55 (7.8%) with IFG are shown in Table 1 . As expected, participants with IGT or IFG were older at baseline than those with NGT. They also had higher age-adjusted mean BMI, WC, hip circumference, waist-to-hip ratio, FPG, plasma glucose at 30, 60 and 120 min, cholesterol, LDL, HDL and triglyceride as well as a higher proportion of obesity. Mean (SD) age was 43.5 (6.7) years for those with IGT, 42.9 (6.6.) years for those with IFG and 41.8 (5.8) years for those with NGT. MetS was present in more than a quarter of the participants (25.2%; 95% CI: 22.0-28.4).
During 1630 (354 men and 1276 women) person-years of follow-up, 74 (10.6%) (12 men and 62 women) incident cases of type 2 diabetes occurred. The overall incidence of subsequent diabetes was 45.4 (95% CI: 35.8-56.7) per 1000 person-years.
The incidence rate was higher in women (48.6, 95% CI: 37.4-61.8 per 1000 person-years) than men (33.9, 95% CI: 17.6-58.4), but the difference was not statistically significant. Of the 315 participants with IGT at initial registration, 61 subsequently developed diabetes, giving an incidence of 99.7 (95% CI: 77.1-126.0) per 1000 person-years. This was much higher than the rate seen for NGT, which was 4.6 per 1000 person-years (95% CI: 1.28-11.7) (p < 0.001). Of the 55 participants who had IFG at initial registration, 7 subsequently developed diabetes, giving an incidence of 50.7 (95% CI: 20.7-102.0) per 1000 person-years. The incidence of type 2 diabetes in participants with MetS was 60.3 (95% CI 39.0-88.4) per 1000 person years. This was higher than the incidence rate seen for those without MetS, which was 40.4 per 1000 person-years (95% CI: 30.1-52.9), although this difference was not statistically significant.
The incidence of diabetes increased across the five subject groups, from 5.9 per 1000 personyears in the NGT and non-MetS group to 138.6 per 1000 person-years in the IGT and MetS group (Table 2 ). In addition, multivariate-adjusted relative risk (RR) of progression to diabetes in subjects with i) NGT and MetS, ii) IFG and MetS and iii) IGT with and without MetS increased in relation to those with NGT and without MetS ( Table 2 ).
The areas under the ROC curves for incidence of type 2 diabetes were 0.811 (95% CI (Figure 1, Table 3 ). All plasma glucose concentrations during OGTT and HbA1c were significant predictors of future risk of type 2 diabetes (p < 0.001). The areas under the curves for FPG concentration were significantly greater than those for HbA1c (p < 0.001). FPG concentration had an area slightly but not significantly larger than that of 1/2-hour, 1-hour and 2-hour glucose concentrations. However, it is apparent that, in this population of FDR of patients with type 2 diabetes, FPG was the strongest predictor of future risk for type 2 diabetes.
Discussion
Our study showed that the discriminatory power of FPG to distinguish between individuals at diabetes risk and those not at risk was superior to that of HbA1c and post-load plasma glucose values. HbA1c was an even weaker risk indicator than fasting and post-load plasma glucose values. The study thus confirms the reliability of FPG for diabetes prediction. Even though fasting and 1-hour glucose value had approximately the same predictive power in our study, FPG is superior in clinical practice because it is a simple test and no OGTT is needed. Choosing FPG as the test for diabetes avoids the cost and inconvenience associated with OGTT [1] . These results contradict the findings of others. Abdul-Ghani et al. showed that plasma glucose concentration at 1 hour during the OGTT is a stronger predictor of future risk for type 2 diabetes than FPG [12, 21] . Our findings are also inconsistent with those obtained by Tsuji et al. In screening tests for diabetes using the ROC curve analysis, they found that HbA1c has almost the same discriminatory power as FPG [22] . On the basis of our findings, fasting followed by 1-hour glucose, turned out to be the most reliable and simultaneously the most practical predictor of progression to diabetes.
Some studies suggest that the combined use of FPG and HbA1c predicts the incidence of diabetes more accurately than either test alone in individuals at risk of diabetes [23] [24] [25] . This is a question that has not been answered by our observations, but the higher discriminatory power of FPG indicates that further research is necessary to verify this statement.
The reason that HbA1c is inferior to FPG or post-load glucose values at predicting type 2 diabetes is because the existence of hemoglobin or red cell abnormalities can increase the variability of HbA1c values. This variability may contribute to its inferior prediction of diabetes compared with fasting or post-load glucose values. In addition, FPG and HbA1c may reflect different aspects of glucose metabolism. While HbA1c can reflect a variety of factors in glucose metabolism, FPG levels mainly depend on insulin resistance and hepatic glucose production [26] .
Our results also demonstrate that FDR participants with IGT and with or without MetS (ATP III criteria) at baseline have a higher risk of progression to diabetes, emphasizing the role of glucose testing alone in predicting diabetes. Participants with IGT and MetS had a 90% higher risk of diabetes than those with NGT, even after controlling for other covariates (age, gender, BMI, waist circumference, triglyceride, LDL, HDL, total cholesterol, IFG and diastolic BP). Such individuals identified to be at high risk of developing diabetes need further monitoring and should be included in an early intervention program to rescue residual beta-cell function. Our findings are consistent with an ADA consensus statement [27] that the high-risk group could Receiver operating characteristic (ROC) curves for fasting, 1/2-hour, 1-hour and 2-hour glucose and HbA1c for prediction of type 2 diabetes in non-diabetic first-degree relatives of patients with type 2 diabetes. The estimated area under the ROC curves and their 95% confidence intervals are shown in Table 3 .
benefit from intervention programs employing diet and exercise and possibly pharmacotherapy to reduce future risk of diabetes. The high risk of developing type 2 diabetes in FDR with high fasting or 1-hour glucose underlines the importance of preventing type 2 diabetes in these individuals. Recent clinical trials demonstrate that lifestyle [28] [29] [30] [31] and pharmaceutical [21, 28, 29] interventions in individuals with IGT can prevent the development of diabetes. This highlights the importance of identifying high-risk subjects so as to institute early lifestyle or pharmacological interventions.
The strengths of the present study include the prospective cohort design, the nature of the sample which included both men and women over a wide age range, the fact that diagnosis of diabetes was based on standard OGTT, and information on potential determinants of diabetes. Selection and information bias is considered unlikely by virtue of the prospective design. Our study focused on individuals at increased risk of developing type 2 diabetes, because they had FDR with the disease. Even though the study included more than 700 participants who were thoroughly examined and followed up, the three-year follow-up period may be controversial. Because the results obtained when assessing diabetes prediction continue to be conflicting, a long-term follow-up period of 3-6 years in a large cohort could serve to clarify the question further.
In conclusion, our study indicates that FPG was better than post-load glucose values and HbA1c for predicting new onset diabetes. One-and 2-hour glucose showed an almost equal discriminating ability. 
